Synthetic biodegradable polymers including poly(lactic acid) (PLA) are attractive cell culture substrates because their surfaces can be micropatterned to support cell adhesion. The cell adhesion properties of a scaffold mainly depend on its surface chemical and structural features; however, it remains unclear how these characteristics affect the growth and differentiation of cultured cells or their gene expression. In this study, we fabricated two differently structured PLA nanosheets: flat and microgrooved.
Introduction
Dissociated primary neuronal cultures are widely used not only for basic neuroscience research but also for drug discovery for neurological disorders 1, 2, 3 . In such culture systems, scaffolds are one of the key factors providing the cells with structural support for attachment and subsequent growth and differentiation. Thus far, numerous synthetic polymers including polystyrene, poly(lactic acid) (PLA), poly(glycolic acid), and poly(lactic-co-glycolic acid) 4, 5, 6 have been developed to serve as scaffolds. Among these, PLA, a biodegradable and resorbable polyester, has recently come into the limelight for its utility in medical applications such as tissue regeneration 7 .
Polymeric ultrathin film consisting of PLA, hereinafter called "PLA nanosheet,"
is a thin, soft, and flexible material, with properties that allow it to adhere anywhere without any adhesive materials. 8 Many studies have demonstrated that nanosheets can be used to dress wounds to avoid suture, prevent infection, and bone regeneration etc.
for biomedical applications 8, 9, 10, 11, 12, 13 . Nanosheets are also suitable for use as a sheet substrate in cell culture for several reasons. First, nanosheets can easily adhere to the surface of standard culture plates, culture dishes, and cover glass without any adhesive materials. Second, cells and/or tissues cultured on nanosheets can be easily recovered, allowing researchers to easily analyze biological molecules such as proteins, DNA, and RNA. Last, a variety of structural patterns of the nanosheet surface, such as grooves and pores, is possible 14, 15 .
Despite these advantages, there are a number of issues that can hinder the application of nanosheets to cell culture experiments. The surface of the nanosheet is 5 hydrophobic, which prevents cell adhesion. Therefore, surface pre-treatment of the nanosheets is required 16, 17, 18 . For cells, particularly dissociated neurons, cell adhesion molecules such as poly-D-lysine (PDL) peptides, which confer a positive charge on the nanosheet surface and assist cell adhesion 19 , are required. Further, dissociated cultured neurons under standard culture conditions 20 extend neurites in random directions, which prevents neurons from forming organized neuronal networks. This may mainly be due to a lack of appropriate attractive and repulsive biological cues from the surrounding cells as well as an absence of scaffold-linked mechanical cues to guide the direction of axon pathfinding. Moreover, it has been shown that morphogenesis in cultured neurons can be affected by topographical differences on the PLA substrate, and grooved structures, in particular, may improve the guidance of neurite extension 21 , although the molecular mechanisms underlying such phenomena remain to be investigated.
In this study, we fabricated microgrooved nanosheets with different microgroove widths and used flat nanosheets as the control. After coating with cell adhesion molecules, we then investigated the effects of the topographical features of these nanosheets on the morphology of mouse primary cultured cortical neurons.
Further, to elucidate the molecular basis of the observed differences, we compared the gene expression of cell cultures on the two types of nanosheets. Our findings indicated that microgrooved nanosheets serve as an effective scaffold for the controlled neurite polarization of cultured neurons, thereby promoting the efficient and reproducible differentiation of neurons. Thus, microgrooved nanosheets are expected to be applied to a large number of investigations in neuroscience research as well as regenerative 6 medicine.
Results and Discussions
Assessment of materials used to pre-coat the nanosheet surface
The surface of a PLA nanosheet is smooth and hydrophobic, thereby preventing cell adhesion 16, 18 . To establish the appropriate conditions for pre-coating the surface of the nanosheets, we assessed PDL and PDL coated over truncated recombinant human vitronectin (PDL + VTN-N). VTN-N is a recombinant human protein that can provide a defined surface for feeder-free culture of human pluripotent stem cells 22 . VTN-N is an extracellular matrix molecule that supports neurite outgrowth in vitro both under normal conditions and after trauma 23 . We then cultured PC12 cells, a cell line derived from pheochromocytoma in the rat adrenal medulla, on a glass coverslip or nanosheet pre-coated with PDL or PDL + VTN-N. PC12 cells attached and grew on the glass as well as the nanosheets that were pre-coated with either PDL or PDL + VTN-N ( Figure 1A ). In contrast, without any PDL coating, the PC12 cells hardly adhered to the nanosheet ( Figure 1A ). We further confirmed that mouse primary cultured cortical suggesting that normal differentiation of the neurons was achieved on the nanosheet.
Moreover, the cell viability of the cultured cortical neurons on the nanosheet at DIV6
reached approximately 92%, which was comparable with that on a conventional glass substrate ( Figure 1C ). Taken together, the nanosheet coated with PDL + VTN-N is likely suitable for neuronal cultures.
Development of the microgrooved nanosheet
To develop the nanosheet with a microgrooved surface that was applicable to 
Morphological analysis of neuronal cells cultured on microgrooved nanosheets
To assess the effects of the surface microstructure of the nanosheet on the To examine how the grooved structure serves as a structural scaffold for neurons, we investigated the locations where neurons adhered to the microgroove structures by using scanning electron microscopy (SEM) ( Figure 2B ). For this purpose, 9 we cultured a limited number of cells on the microgrooved nanosheet because a high-density culture (such as in Figure 2A 
Gene expression patterns of neuronal cells cultured on the nanosheets
To understand the molecular basis of the observed morphological differences in neuronal cells between the flat and microgrooved nanosheets, we performed whole exome sequencing (RNA-Seq) analyses on the primary cultured mouse cortical neurons. Seven different samples were subjected to RNA-Seq analysis: flat nanosheet, n = 3; microgrooved nanosheet, n = 3; and glass coverslip, n = 1 ( Figure 3A ). For each sample, 75-bp paired-end sequencing reads were mapped to the mouse reference genome (mm10), and the results are summarized in Figure 3B . To examine gene expression levels among different samples, the number of mapped reads were 1 0 normalized by regularized log transformation implemented in DESeq2 program 27 .
Using the normalized expression values, we assessed the overall similarity of gene expression among the seven samples by principal component analysis (PCA).
PCA is a dimension-reduction method for transforming a large set of variables to small sets of principal components (PCs), which represent all the variables of a given dataset. 
Differentially expressed gene analysis in neuronal cells cultured on nanosheets
To identify genes associated with the observed differences in the is presumed that neurons cultured on the microgrooved nanosheet become more mature than neurons cultured on the flat nanosheet. Figure 4D ). These results strongly indicate that microgrooves on a nanosheet can more efficiently facilitate neuronal differentiation, which is consistent with the morphological findings obtained in this study (Figure 2) . Importantly, the microgroove structure controls the position of cell adhesion on the nanosheet by limiting it to the bottom and sides of the parallel grooves, which may facilitate neurite bundle formation and lead to the efficient formation of synapses.
In this study, we newly developed a neural cell culture system using a microgrooved PLA nanosheet, which provided a more reproducible and efficient culture environment for the neurons. Thus far, the precise molecular mechanisms by which neuronal maturation is accelerated in the presence of a microgrooved scaffold are still unclear. Nonetheless, this microgrooved nanosheet could provide a powerful means to 1 3 establish a novel experimental system for neuroscience research and regenerative medicine and may facilitate future investigations of the molecular mechanisms underlying the pathogenesis of many neurological disorders.
Methods

Reagents and preparation of nanosheets
All reagents used in this study including the PLA were of analytical grade.
Silicon wafers (SiO 2 substrate; KST World, Fukui, Japan) cut to an appropriate size (typically 3 × 3 cm) were treated with piranha solution, followed by washing with distilled water. PVA (M w : 22 kDa; Kanto Chemical, Tokyo, Japan) was dissolved in distilled water at a concentration of 10 mg/mL, and this solution was dropped onto the SiO 2 substrates and spin-coated at 4,000 rpm for 20 s (Spin Coater MS-A100; Mikasa, Tokyo, Japan), followed by drying at 50°C for 2 min. A solution of PLA (M w : 80-100 kDa; Polysciences, Warrington, PA, USA) at 10 mg/mL was then dropped onto the PVA-coated substrates and spin-coated at 4,000 rpm for 20 s, followed by drying at 50°C for 2 min. The obtained substrates were immersed in distilled water to collect free-standing nanosheets. The nanosheets were scooped up with coverslips and fully dried in a desiccator overnight. PDL or PDL with VTN-N was coated onto the PLA nanosheets immediately prior to use for culture experiments.
Preparation of microgrooved nanosheets 1 4
We prepared PDMS stamps with a microgrooved pattern as previously reported 24, 25, 26 . The pattern consisted of microgrooves and ridges with a width of 50 μ m and a height of 6 μ m. To fabricate a free-standing microgrooved nanosheet, we used the same procedures used for a flat PLA nanosheet. These procedures are summarized in Supplementary Fig. 2 . 
Coating of nanosheets
Animals
All animal experimental procedures were approved by The Institutional Animal
Care and Use Committee at Tokai University. 
Library preparation
Total RNA was extracted from the cultured cells with the RNeasy Plus Micro Kit (Qiagen) according to the manufacturer's protocol. The quality of the total RNA samples was validated with the RNA 6000 Pico Kit (Agilent) on the Bioanalyzer (Agilent).
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High-quality RNA samples with an RNA integrity number >9 were used for library preparation. RNA-Seq libraries were prepared with the Encore Complete RNA-Seq DR Multiplex system (NuGEN) in accordance with the manufacturer's instructions.
RNA-Seq analysis
Indexed paired-end cDNA sequencing libraries were sequenced by MiSeq qRT-PCR 1 8 qRT-PCR was performed on 10 ng of total RNA using the Thunderbird SYBR qPCR/RT Set (Toyobo) with the specific primers (0.2 µM each) listed in Table 1 . The transcript levels were normalized by the amount of Gapdh mRNA in each sample.
Statistical analyses were conducted with Prism 7 (GraphPad). Statistical significance was evaluated by ANOVA followed by appropriate post hoc tests for multiple comparisons between groups.
Data Availability
The RNA-Seq data obtained in this study have been deposited in the DDBJ DRA database (https://www.ddbj.nig.ac.jp/dra/index-e.html) under the accession numbers DRR166653-DRR166659. (Fig. 4D) . Expression of Gapdh was used as an internal control.
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Table 1. Primer sets used in this study
Primer sets used for qRT-PCR are listed. The specificity of a primer pair for PCR amplification of the desired sequence was confirmed by the dissociation analysis of amplicons after the real-time PCR experiment.
